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Although the Limpopo River is not perennial in its upper stretches in South Africa, the presence of a narrow riparian forest zone is
expected to enhance bat diversity by promoting a wider range of foraging types, but the scale at which this effect may operate is not
known. A recent, fine-scale model of bat diversity in Africa suggested that rivers may enhance species richness of bats, but that
strong gradients in richness would occur next to rivers especially in savanna areas. We tested this idea by conducting acoustic
surveys with bat detectors around six water bodies at distances from 0−12 km from the Limpopo River in two adjacent protected
areas, the Mapungubwe National Park and the Venetia Limpopo Nature Reserve. We used a paired design, with each water body
having detectors placed at and just away (500–750 m) from it. We found enhanced species richness, diversity and activity at MNP
sites closer to the Limpopo (0–5 km) compared with VNR sites located 9−12 km from the Limpopo. Moreover, at VNR but not
MNP, the bat community was dominated (32% of calls) by an arid-adapted generalist species, the Cape serotine (Neoromica
capensis). Consistent with the proximity of structurally complex riparian vegetation, slow flying, clutter-feeding horseshoe bats
(Rhinolophus spp.) were relatively more abundant (12% of calls) at MNP compared with VNR (0.7% of calls). This effect was highly
accentuated when correcting for detectability of different species to bat detectors. Proximity to small, natural and artificial water
bodies significantly enhanced both species richness and activity, but this effect was much more pronounced at sites > 5 km from the
Limpopo compared with sites < 2 km from the Limpopo. We conclude that while major rivers with riparian zones can exert 
a significant impact on species richness, diversity, activity and community structure of insectivorous bats, this effect may only
extend a few kilometres from the river. Protection of riparian zones along rivers in savannas is therefore critical to conserving intact
and diverse bat communities.
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INTRODUCTION
Southern African savannas support a rich diver-
sity of bats (Gelderblom et al., 1995; Monadjem et
al., 2010a, 2010b). Bat community structure in sa-
vannas has been shown to be shaped by both abiotic
and biotic factors acting at local and regional scales
(Weier et al., 2016; Schoeman and Monadjem,
2018), as well as by land use and climate change
(Taylor et al, 2013b; Smith et al., 2016; Foord et al.,
2018; Mtset fwa et al., 2018; Weier et al., 2018;
Shapiro et al., 2019). 
Both artificial and natural water bodies provide 
a critical habitat resource for bats and wildlife in
general, particularly in arid and semi-arid environ-
ments, as a source of drinking water and as a source
of insects attracted to water (Korine et al., 2016).
The nature and distribution of water bodies can
struc ture local bat communities and activity patterns
both temporally (Adams and Thibault, 2006) and
spatially (Ciechanowski, 2002; Bader et al., 2015,
Adams and Kwiecinski, 2018). Even though pollut -
ed water bodies associated with mining, urbanisa-
tion, sewage works and agriculture may attract bats,
Acta Chiropterologica, 22(1): 75–86, 2020
PL ISSN 1508-1109 © Museum and Institute of Zoology PAS
doi: 10.3161/15081109ACC2020.22.1.007
the impacts of contaminants such as heavy metals
and other pollutants on bat health are largely un-
test ed but may be substantial (Schoeman and
Wadding ton, 2011; Naidoo et al., 2015; Korine et
al., 2016).
Studies of bats from arid and semi-arid regions
are under-represented in Africa (Bader et al., 2015a;
Adams and Kwiecinski, 2018; Monadjem et al.,
2018; Lisón et al., 2020). Bat communities from
arid and semi-arid regions of southern Africa are de-
pauperate relative to mesic regions (Monadjem et
al., 2018). At a finer scale, river valleys are pre-
dicted to have relatively high bat species richness
compared with adjacent areas in Africa, especially
in savannas (Herkt et al., 2016). Riparian habitats
are more diverse than adjacent savanna habitats,
with bat assemblages of the latter comprising a sub-
set of the former (Rautenbach et al., 1996; Mona -
djem and Reside, 2008). Artificial ‘wetlands’ such
as reservoirs used for irrigation can provide impor-
tant foraging habitats for bats in agricultural land-
scapes. For example, in the Western Cape Province
of South Africa water body size and water cover
were important factors contributing to the activity of
different bat species in habitats surrounding these
‘wetlands’ (Sirami et al., 2013). 
Bordering the Kalahari Desert, the Limpopo
Valley of South Africa constitutes a relatively semi-
arid climate with an annual rainfall of 350 mm at
Mapungubwe World Heritage Site (Götze et al.,
2008) in the west to 400–450 mm in the region of
Pafuri in the Kruger National Park in the east
(Brinkley, 2018). The Pafuri area harbours the great-
est species richness of bats in South Africa, compris-
ing 44 species collected over 50 years (Rautenbach
et al., 1985). Recent acoustic surveys recorded 
a total of 20 putative insectivorous species at Ma -
pun gubwe World Heritage Site (Parker and Bernard,
2019) and a total of 22 insectivorous species in the
Pafuri area (Brinkley, 2018).
The objective of this study was primarily to as-
sess the effect of water bodies on insectivorous bat
community structure, species diversity and activity
by using paired acoustic surveys (Table 1) con-
ducted at and 500–750 m away from six water bod-
ies across two adjacent protected areas in the semi-
arid Limpopo Valley of South Africa, Mapungubwe
National Park (MNP) and the Venetia Limpopo
Nature Reserve (VNR). Water bodies were natural
(the Limpopo River itself and natural pans) and arti-
ficial (reservoirs or ‘dams’ and a wildlife watering
point) in nature. Sites within the MNP were closer to
the riparian belt of the Limpopo River (0−5 km)
compared with those within VNR (9−12 km).
Within MNP, the Limpopo River has a narrow ripar-
ian zone (maximum of 500 m wide on each bank) of
tall gallery forest. Herkt et al. (2016) predicted rela-
tively higher species richness close to rivers, which
are expected to have steep gradients with increasing
distance from the rivers. They suggested that struc-
turally complex vegetation within riparian zones
may explain this high richness along rivers, espe-
cially in savanna habitats. Riparian habitats have tall
trees and continuous cover, which would favour
slow-flying bats that rely on canopy cover when for-
aging (‘clutter-feeders’ — Monadjem et al., 2010b).
This foraging guild would be absent or scarce in sur-
rounding savanna habitats, particularly in semi-arid
areas where the vegetation may be more stunted and
canopy cover reduced. Based on these predictions,
we expected to find higher species richness and ac-
tivity of bats at MNP (closer to the riparian zone of
the Limpopo River) compared with VNR. We also
predicted that with increasing distance from the
Limpopo River small water bodies would become
increasingly attractive to insectivorous bats result-




The study took place at Mapungubwe National Park (MNP)
and the bordering Venetia Limpopo Nature Reserve (VNR) in
the extreme northern area of the Limpopo Province of South
Africa. Occurring south of the Limpopo River, the topography
is flat with sandstone and conglomerate ridges and hills (Götze
et al., 2008). Surface drainage is mostly in a northerly direction
towards the Limpopo River. None of the rivers in the area, in-
cluding the Limpopo, are perennial (Fig. 1; Götze et al., 2008).
Elevation varies from 500 m to 700 m. The geology of both pro-
tected areas is diverse and the climate is semi-arid, with mean
annual rainfall of 350−400 mm (G. A. Robinson, unpublished
report). The main rainfall occurs during the late summer and 
extends from October to March. Average daily temperature is
22.7°C, but summers are hot with maximum temperatures
reaching over 45°C (G. A. Robinson, unpublished report;
SANParks, Cape Town, unpublished report). At nearby Musina,
average minimum and maximum temperatures in the area have
increased by around 1.2°C and the number of extremely hot
days (> 35°C) per summer has increased by 22 days between
1960 and 2009 (Van Wilgen et al., 2016; Van Wilgen and
Herbst, 2017). The dominant vegetation type in both reserves is
Musina Mopane Bushveld (Mucina and Rutherford, 2006).
VNR comprises an area of 35,000 ha owned by De Beers
Consolidated Mines. Approximately 3,000 ha are devoted to 
diamond mining. The nearest towns are Alldays (50 km) and
Musina (90 km). The reserve includes many artificial water
points, some of which were provided specifically for drinking
by animals. MNP forms part of the UNESCO World Heritage
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Site and is situated at the confluence of the Limpopo and Shashi
Rivers, sharing a border with Botswana and Zimbabwe. The
Park is situated 70 km west of Musina town (Fig. 1). In 1922,
MNP was recognized as a site of natural and cultural signifi-
cance and then declared a wildlife sanctuary in 1947, to pre-
serve endangered mammal species such as Lycaon pictus (Afri -
can wild dog) and Loxodonta africana (African elephant). In
addition, large and medium sized mammalian game species are
present (Parker and Bernard, 2019; SANParks, Cape Town, un-
published report). A strip of tall riparian woodland or gallery
forest occurs along the Limpopo floodplain, dominated by tree
species such as Acacia xanthophloea, Xanthocercis zambesiaca,
Hyphaene petersiana and Salvadora australis (SANParks, Cape
Town, unpublished report).
Bat Captures
We used a two-bank, 4.2 m2 harp trap (Faunatech Austbat,
Bairnsdale, Victoria, Australia) and mist nets (Ecotone Gdynia,
Pomerania, Poland) of 6, 9 and 12 m length to capture bats. Mist
nets were set at the Faure Camp on several occasions for at least
three hours after sunset. The nets were constantly monitored to
ensure that bats did not free themselves from the net or harm
themselves. The harp trap was placed over the waterpoint at
Faure Camp on several occasions and it was also placed out-
side a tree cavity in the Luna Baobab (Fig. 1) that harboured
bats on 22nd June 2017. Individuals captured by nets or harp
trap were photographed and identified to species using external
measurements and identification matrices of Monadjem et al.
(2010b). After processing, the bats were released and echoloca-
tion calls were recorded for confirmation of acoustic species
identification using Taylor et al. (2013a) and Monadjem et al.
(2017). We obtained a permit to catch bats from the South
African National Parks (Permit Reference 008/17), as well as an
ethics permit from University of Venda (Project No. SMNS/
17/SARC H1/01/2006).
Acoustic Sampling
Bat activity was monitored at six sites at MNP and eight
sites at VNR using Song Meter (SM) BAT2+ bat detectors
(Wildlife Acoustics, Inc., Maynard, MA, USA) recording 
passively throughout the night and mounted on metal flag 
poles (or very occasionally on Mopane trees on bare upstand-
ing branches) at approximately 3 m above ground. The SM2
units were set to record full spectrum sonar calls at a sample 
rate of 384 kHz and gain of zero, as well as recording tempera-
ture every minute. Each site was sampled between five and 
14 nights during one to three different monthly sample periods
(Table 2). We attempted to cover at least two out of three 
different seasons (autumn, winter and summer) for both 
protected areas between March 2017 and June 2019. Due to 
logistic and permitting reasons, we sampled VNR in March
2017, June 2017 and 2019 and November 2017 while MNR 
was sampled in November 2017 (concurrently with VNR) and
April 2018. 
                                                                          Bat diversity along the Limpopo River 77
TABLE 1. Summary of echolocation call parameters of 23 bat species recorded at Venetia Limpopo Nature Reserve (VNR) 
and Mapungubwe National Park (MNP) in South Africa. Call characteristics included: N = number of pulses; Dur = Total duration;
Fmin = Minimum call frequency; Fmax = Maximum call frequency; Fc = Characteristic frequency at the end or flattest portion of
the call; Fk = Frequency at the ‘knee’ or the point at which the slope of the call abruptly changes from a downward slope to a more
level slope. In order to correct for the difference in detectability of different species, we used correction factors adapted from
Monadjem et al. (2017). Lower values reflect those species with the quietest calls (closest detection distances). Where species values
were not available from the study by Monadjem et al. (2017), we used the mean value obtained for the same genus, or if no genus,
for the same family
Species N Dur (ms) Fmin (kHz) Fmax (kHz) Fc (kHz) Fk (kHz) Detectability correction 
Eptesicus hottentotus 88 3–4 28–32 54–70 30–34 34–37 0.002648
Laephotis botswanae 2 2–3 31–32 50–53 32–33 35–35 0.002648
Myotis tricolor 22 2–3 31–50 76–91 45–62 48–67 0.006497
M. welwitschii 9 2– 33– 73– 50– 52– 0.005832
Neoromicia capensis 112 2–5 35–41 41– 61 35–41 37–42 0.003433
N. nanas 65 3–4 64–67 74–80 65–67 66–70 0.003433
Nycticeinops schlieffeni 26 2– 42– 50– 41– 44– 0.000239
Neoromicia zuluensis 79 2–3 46–51 59–93 46–51 48–56 0.003433
Pipistrellus hesperidus 61 2–5 41–47 48–82 42–49 45–55 0.003433
P. rusticus 56 3– 55– 62– 55– 58– 0.003433
Scotophilus dinganii 86 3–5 32–34 42–65 32–35 34–37 0.000154
S. viridis 4 4– 41– 57– 43– 46– 0.000401
Chaerephon ansorgei 58 4–12 17–20 19–27 17–21 18–22 0.000450
C. pumilus 70 5–11 20–27 23–37 21–28 22–31 0.000450
Mops condylurus 101 4–7 24–28 32–38 25–29 27–32 0.000239
M. midas 45 8–16 12–14 13–16 12–14 12–15 0.000239
Tadarida aegyptiaca 54 3–11 17–24 25–34 21–25 22–26 0.000344
Taphozous mauritianus 69 3–3 22–29 29–31 25–28 27–30 0.000344
Miniopterus natalensis 28 2–4 52–55 59–80 53–56 56–57 0.005167
Rhinolophus smithersi 46 10–25 44–47 47–48 46–47 44–45 0.063900
R. simulator 37 9–14 75–80 83–84 80–82 79–81 0.063900
R. darlingi 9 13–21 72–76 85–86 84–86 84–85 0.063900
R. clivosus 13 8–19 79–90 91–93 90–92 89–91 0.063900
At both MNP and VNR we selected three water bodies (six
in total) and a pair of detectors was placed simultaneously at
each water body and at a dry site 500–750 m from the water
body (Fig. 1). The dry sites were selected by driving along ex-
isting roads away from the water body until a suitable open spot
was detected within 500–750 m from the water body. This dis-
tance was chosen to test the hypothesis of active selection of
water bodies compared to comparable dry sites by bats within
their normal nocturnal flight range. Dry sites could not be se-
lected randomly around the water bodies due to the presence of
elephants and other dangerous wildlife in the two reserves,
which disallowed moving off roads. At MNP the water bodies
were the Limpopo River itself (the main channel at the detector
site was about 150 m wide), a small natural pan (25 m in diam-
eter) and a small artificial dam (impoundment). The dam, which
was about 90 m long and 30 m at its widest point, was located
within 1 km of the Limpopo River while the pan was located
about 5 km away. At VNR the three water bodies were a small
artificial wildlife watering point (3 m diameter) located 100 m
from Faure Camp (9 km from the Limpopo River), as well as an
artificial dam (75 m long and 50 m at its widest point, 12 km
from the Limpopo River) and a natural pan (about 45 m in di-
ameter and 11 km from the Limpopo River). The pan was dry
during June 2017. At VNR we additionally placed detectors out-
side buildings associated with the Faure Research Camp (100 m
from the watering point). 
Bat detectors were activated to record from sunset to sunrise
to cover the dusk and dawn peaks in the nocturnal activity of
bats (Parker and Bernard, 2019). We also recorded the mean and
minimum environmental temperatures (using temperature sen-
sors on the SM2 detectors), moon phase (using the Star Walk 2
application on an iPhone8 cell phone) and sample seasons (with
March–April = autumn, November = summer, and June = win-
ter). Moon phase was recorded as a category in order of increas-
ing light intensity: new moon, waxing and waning crescent, half
moon, waxing and waning gibbous, and full moon.
Bat calls were analysed using AnalookW software (ver-
sion 0.3.8.13; https://www.titley-scientific.com). The wav. files
were converted to ZC format using Kaleidoscope viewer soft-
ware (version 1.1.15; www.wildlifeacoustics.com). The calls
were identified to species level using the library of reference
calls, which included identified bat calls from the Soutpansberg
and Blouberg Mount ains from northern South Africa (Taylor et
al., 2013a, 2013b), as well as elsewhere in southern Africa
(Monadjem et al., 2010b, 2017). Although AnalookW character-
istically measures 10 call parameters (Monadjem et al., 2017),
we only used five measurements (see below) which have been
shown to be useful in identifying bats in other areas of southern
Africa (Taylor et al., 2013a; Table 1). The calls were identified
based on the characteristics of their call duration (the length of
the call in seconds), minimum frequency (Fmin), maximum fre-
quency (Fmax), frequency at the knee (Fk), and characteristic
frequency (Fc), which is the frequency at the end or flattest por-
tion of the call (Monadjem et al., 2010b; Taylor et al., 2013a;
Parker and Bernard, 2019 — Table 1). Molossidae spe cies were
identified by low frequency calls (Fk < 30 kHz) with a long du-
ration (> 10 ms) and narrow bandwidth (< 10 kHz). Bats be-
longing to families Vespertilionidae and Miniopteridae were
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FIG. 1. Map showing the locations of bat detector sites and the Luna Baobab tree (from which day-roosting insectivorous bats were
captured) within Limpopo Province of South Africa. Each bat detector site comprised two stations, one at a water body and the 
second placed 500–750 m away
identified by their high frequency calls (Fk > 30 kHz) with short
durations (< 10 ms) and broad bandwidth (> 20 kHz). The
Rhinolophidae were identified through medium to high peak
frequency (> 30 kHz), with long durations (10−100 ms) (Mona -
djem et al., 2010b, Taylor et al., 2013a; Table 1). Excluding
calls that were ambiguous, and accepting some possible assign-
ment errors in species whose call parameters overlap (e.g., M.
natalensis and P. rusticus, P. hesperidus and P. zuluensis; M.
condylurus and C. pu milus; see Taylor et al., 2013a), we identi -
fied 23 different species of bats.
To account for the widely differing acoustic detectability of
the echolocation calls of different species and families of bats,
we multiplied species activity values (number of counts per
night) by the correction factors provided by Monadjem et al.
(2017). For species that were not recorded by Monadjem et al.
(2017), we used the corresponding values of congeners or the
family mean values for genera not recorded. The resulting cor-
rection factors for each species are shown in Table 1. We sum-
marised these corrected activity values by reserve (VNR and
MNP) and by foraging groups, recognizing three foraging
guilds after Monadjem et al. (2010b): clutter-feeders (Rhino -
lophidae), clutter-edge feeders (Vespertilionidae and Miniopte -
ri dae) and open-air feeders (Molossidae and Emballanuridae).
We found that corrected activity values for R. smithersii com-
prised very high outliers (an order of magnitude higher than any
other species), possibly because this relatively large-sized and
low frequency calling horseshoe bat may have a louder call than
its congeners. In order to facilitate plotting the data, we divided
the corrected activity values obtained for R. smithersii by 10. 
Data Analysis
Bat activity was measured as the number of bat call passes
recorded per night of sampling (Monadjem et al., 2017). To ac-
count for bias in counting the same individual multiple times,
Miller’s activity index was calculated as the number of active
minutes per night (Miller, 2001). Using the program R (version
3.5.0 — R Core Team, 2018), bat activity index (AI) and species
richness were modelled against proximity to water, reserve,
minimum nightly temperature and moon phases using general-
ized linear mixed models (package ‘lme4’ — Bates et al., 2015),
with site as a random variable. All models were tested for over-
dispersion. In the case of AI, since over-dispersion was detect -
ed, we used the generalized linear mixed model function with 
a negative binomial distribution. In the case of species richness,
the model was not over-dispersed, hence we used the general-
ized linear mixed model function with a Poisson distribution.
Using rarefaction and a sample size-based approach with
species incidence data, the R-package ‘iNEXT’ (Hsieh et al.,
2016) was used to compute interpolated and extrapolated esti-
mates of species richness and diversity indices from the acoustic
data for MNP and VNR separately. Rarefaction provides a way
to compare species diversity and richness estimates between 
assemblages that have been unequally sampled (Colwell et al.,
2012). As shown by Chao et al. (2014: 46), a “single, smooth
sampling curve (with an expectation and an unconditional vari-
ance), derived from a reference sample (a collection of individ-
uals [or sampling units] that would be gathered in a typical bio-
diversity survey) can be interpolated (rarefied) to smaller
sample sizes or extrapolated to a larger sample size, guided by
an estimate of asymptotic richness”. iNEXT focuses on three 
diversity measures termed Hill numbers of order q: q = 0 (spe -
cies richness), q = 1 (the exponential of Shannon entropy) and 
q = 2 (the inverse of Simpson concentration). Hill numbers (or
the effective number of species — MacArthur, 1965; Hill, 1973;
Jost, 2006) have been increasingly used in recent studies to
quantify the species/taxonomic diversity of an assemblage be-
cause they represent an intuitive and statistically rigorous alter-
native to other diversity indices (see Chao et al., 2014 for full
explanation and a recent review of the literature). Hill numbers
represent or can be easily converted to standard indices such as
species richness (Hill’s number of order 0), and Shannon’s and
Simpson’s diversity indices and therefore comprise a broader
statement of the sample-sized based approach associated with
other well-known rarefaction packages such as EstimateS
(Colwell et al., 2012; Colwell, 2013).
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Sites/Reserve March 2017 April 2018 June 2017 June 2019 Nov. 2017 Total
Venetia Limpopo N.R. 4,762 N/D 8,196 ( 12,958 (10)
750 m Small Dam N/D 1,266 (5) N/D N/D ,187 (5) 1,453 (10)
750 m River N/D ,759 (5) N/D N/D 3,472 (3) 4,231 (8)
750 m Small Pan N/D N/D N/D N/D ,351 (5) 351 (5)
Small Dam N/D ,504 (5) N/D N/D 2,177 (5) 2,681 (10)
River N/D 2,233 (5) N/D N/D N/D 2,233 (5)
Small Pan N/D N/D N/D N/D 2,009 (5) 2,009 (5)
Mapungubwe N.P. 3,931 N/D 1,978 N/D 2,163 8,175 (16)
750 m Dam 41 (5) N/D (4 (5) 38 (6) ,830 (4) 875 (20)
750 m FaureWaterPoint 58 (5) N/D 22 (5) N/D N/D 80 (10)
750 m Pan N/D ND 38 (5) N/D ,209 (5) 247 (10)
Dam 1,196 (5) N/D N/D 394 (6) ,182 (4) 1,378 (15)
Faure Camp ,437 (5) N/D 471 (5) N/D N/D 908 (10)
Faure Waterpoint ,875 (5) N/D 451 (5) N/D ,563 (3) 1,889 (13)
Pan 1,324 (5) N/D 992 (5) N/D ,379 (4) 2,695 (14) 
Total 3,931 4,762 1,978 422 10,462 21,555
TABLE 2. The activity of bats (Miller’s Activity Index) recorded across all sampling sites at Venetia Limpopo Nature Reserve and
Mapungubwe National Park in South Africa during different sampling months of acoustic surveys. The number of sampling nights
per month and site is given in parentheses. N/D represents ‘No Data’ for that particular month, either because detectors were not
deployed or due to equipment failure
RESULTS
Captures of bats using a harp trap and mist nets
at two locations in VNR confirmed the presence of
Nycticeinops schlieffeni, R. smithersii and C. pu mi -
lus based on bat detectors, and also added one spe -
cies not acoustically recorded, the ‘whispering’ (low
echolocation call intensity) slit-faced bat (Nycteris
thebaica). Three species, N. thebaica, R. smithersii
and N. schieffeni were collected with a harp trap on
22nd June 2017 emerging at dusk from the Luna
Baobab tree (Fig. 1 and Supplementary Table S1),
while two species were collected with mist nets at
Faure Waterpoint (N. schlieffeni) and emerging from
buildings at Faure Research Camp (C. pumilus).
Using acoustic methods, a total of 23 bat species
were recorded from the two reserves, with 22
species in common (Table 1 and Fig. 2). Overall, our
acoustic results showed clear trends in activity and
species richness at i) local/detector scale, between
wet and dry paired sites, and ii) landscape scale, be-
tween sites close to (< 5 km: MNP) and further from
(> 9 km: VNR) the riparian belt along the Limpopo
River (Fig. 3). Specifically, at local-scale water bod-
ies showed significantly higher activity and richness
than nearby dry sites, although this effect was more
marked at paired sites at VNR compared with MNP;
and landscape-scale sites in close proximity to the
Limpopo River (MNP) had significantly higher ac-
tivity and richness compared with sites further away
(VNR) (Fig. 3 and Table 3). In addition to demon-
strating the significant effect of water and reserve on
both activity (AI) and species richness of bats (Table
3), the models also showed significantly depressed
species richness and activity in winter compared
with autumn and summer. Neither minimum nightly
temperature nor moon phase had any significant im-
pact on activity or richness.
In spite of a higher sampling effort at VNR (93
detector-nights) compared with MNP (43 detector-
nights), higher activity was recorded at MNP
(Miller’s activity index of 12958 at MNP compared
with 9175 at VNR) (Table 2). Nevertheless, using 
an incidence-based rarefaction, interpolation and 
extrapolation approach for the number of nights
sampled, expected species richness was the same for
both protected areas (around 22 species), although
species diversity estimates (based on both Shan -
non’s and Simpson’s indices) were higher at MNP
than VNR (Supplementary Fig. S1). A total of 22
species was observed at both MNP and VNR, indi-
cating that sampling was complete for both reserves.
In terms of species occurrence, 21 species were
shared between the reserves, with only one species
unique to each reserve, Scotophilus viridis at VNR
and Rhinolophus clivosus at MNP.
However, species abundance relationships varied
considerably between reserves (Fig. 2), with Neo -
romicia capensis (a vespertilionid) followed by
Mops condylurus (a molossid) being dominant at
VNR, and two molossids (M. condylurus and 
C. pumilus) and a rhinolophid (R. smithersii) being
dominant at MNP. Corrections for detectability of
different species (Table 1) revealed a different order
of corrected species activities, with N. capensis
re maining as the dominant species at VNR and 
R. smithersii becoming the dominant species at MNP.
Corrected activities accentuated clutter feeders and
clutter-edge feeders and strongly de-emphasized the
activity of open-air molossid species. They also
demonstrated considerably higher activity of clutter-
feeding horseshoe bats (Rhinolophus) at MNP com-
pared to VNR (Fig. 4A), and at water points com-
pared to nearby dry sites (Fig. 4B).
DISCUSSION
The Importance of the Limpopo River to Bat
Diversity
Although both reserves had the same observed
and expected species richness (22 species), similar
to that recorded at MNP (20 species) by Parker and
Bernard (2019), at the site (detector) scale, general-
ized linear mixed models showed that MNP sites
closer to the Limpopo River (0−5 km) had signifi-
cantly higher local species richness and activity
compared with VNR sites (9−12 km away) (Table
2). MNP also had higher Simpson and Shannon 
diversity indices compared with VNR, reflecting 
a higher evenness (Supplementary Fig. 1). These re-
sults support Herkt et al.’s (2016) notion of a steeply
declining gradient of species richness moving away
from major rivers. This decline in richness seems
also to be accompanied by a decline in species di-
versity and evenness, with domination of fewer
species in the community with increasing distance
from the riparian zone (Fig. 2 and Supplementary
Fig. S1). The domination of N. capensis at VNR
(32% of all calls) but not at MNP (6% of calls) is 
revealing. This species has been classified as one of
the few ‘arid resident’ species that is adapted to sur-
viving in arid and semi-arid zones in southern
Africa, and its dominance could thus be regarded as
an ‘aridity indicator’ (Monadjem et al., 2018). As
such, its dominance at VNR but not MNP could 
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indicate that the fertile riparian zone of the Limpopo
River is able to mitigate against the surrounding
semi-arid climate and vegetation at MNP. However,
this effect is rapidly lost with distance, since sam-
pling points at VNR were situated only 9−12 km
from the Limpopo River. Supporting this, the rela-
tively high abundance of R. smithersii (11% of
calls), a slow-flying and clutter-foraging species, at
MNP is evidence that the riparian forest zone of 
the Limpopo River provides important habitat for 
a range of foraging guilds. The vegetation away
from the riparian zone consists mostly of stunted
semi-arid vegetation dominated by shrubs and small
trees, which would not be suitable habitat for clutter-
feeding bats that are adapted to slow and manoeu-
vrable flight under a canopy that protects them from
predators. As expected, representing the clutter-for-
aging guild, a total of four Rhinolophus species at
MNP comprised 12.4% of calls, whereas at VNR
three Rhinolophus species comprised only 0.7% of
calls (Fig. 2). This result is under-estimated by the
widely differing detectability of different bat species
to bat detectors since clutter-feeding bats (Rhinolo -
phi dae) have much softer calls than clutter-edge
Venetia Limpopo Nature Reserve
Mapungubwe National Park
FIG. 3. Activity (number of passes per night) and species richness for paired sites at and 750 m away from water bodies at two
adjacent protected areas, A — Venetia Limpopo Nature Reserve (VNR) and B — Mapungubwe National Park (MNP) in South
Africa. In addition, results are presented for one unpaired site at VNR, Faure research camp (located 200 m from a wildlife water 
point). Error bars represent standard errors of the mean
A
B
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species (Vespertilionidae), which in turn have softer
calls than most open-air feeders (Molossidae) (Mo -
na djem et al., 2017). To address this bias, we used
detectability correction factors from Monadjem et
al. (2017) to adjust the activity estimates for each
species of bat in our study (see Methods and Table
1). We summarised these for the three different for-
aging guilds: clutter-feeders, clutter-edge feeders
and open-air feeders (Monadjem et al., 2010b). 
The corrected values accentuated the magnitude of
the differences in activity between clutter-feeders
(Rhinolophus spp.) from close to (MNP) compared
to further away (VNR) from the riparian strip of the
Limpopo River (Fig. 4A).
The Importance of Small Water Bodies on Bat
Diversity
Proximity to water bodies significantly increased
both species richness and activity of bats, irrespec-
tive of the size of the water body or whether it was
natural or artificial based on our study and other
studies from semi-arid areas throughout the world
(Bader et al., 2015; Korine et al., 2016). Presum ably
these water bodies provided both drinking water to
bats, as well as attracting large numbers of aquatic
insects which formed an important part of their diet.
At all three water bodies in VNR, and at the pan at
MNP located 5 km from the Limpopo River, the
paired detectors show very marked differences in
activity between the detectors placed at and away
from the water bodies, but this effect was less no-
ticeable in the case of the Limpopo River itself, and
also the dam located within 1 km of the Lim popo
River (Fig. 2). Once again, it seems that a steep gra-
dient in the impact of water bodies on bat activity
occurs moving away from the Limpopo River, with
small water bodies having a very strong concentrat-
ing effect on bat activity in the landscape at dis-
tances > 5 km from the Limpopo River but much
less so at water bodies located < 2 km away. The
concentrating effect of water bodies in dry condi-
tions was demonstrated temporally by 34 years of
data from New Mexico showing that bat activity
was greatly concentrated around a watering point in
drought years when water was not available in the
general landscape (Geluso and Geluso, 2012). 
The attraction of water bodies to bats in southern
African agricultural-savanna mosaic landscapes is
guild-, season- and scale-specific (Weier et al.,
2018; Shapiro et al., 2019). For example, in the low-
lying savanna region of Eswatini, in the dry season
(but not the wet season), activity of clutter-feeding
and clutter-edge bats (but not open-air feeders) re-
sponded positively to water (Shapiro et al., 2019). In
a dry deciduous forest in central western Madagas -
car, bat activity at pools within a riverbed were sig-
nificantly higher than forest and dry riparian habi-
tats, but only for Vespertilionidae (clutter-edge) and
Hipposideridae (clutter-feeding) bats, not for open-
air-feeding Molossidae (Bader et al., 2015). Our re-
sults similarly found that the detectability-corrected
activity of clutter-feeding bats differed more clearly
between water bodies and nearby dry sites, com-
pared with clutter-edge and open-air feeding bats
(Fig. 4B).
TABLE 3. Generalized linear mixed models showing the best models for the relationship of A — bat activity (AI) and B — species
richness with site as a random factor and different fixed factors: proximity to water (close and away), season (autumn, summer and
winter) and reserve (MNP and VNR). Variables were compared with default values for water (away), reserve (MNP), and season
(autumn). Thus ‘Season (Winter)’ tests for differences between winter and autumn and a negative estimate indicates lower activity
in winter compared with autumn. Note that the variables moon phase (expressed as a category) and minimum temperature were
included in earlier models, but excluded based on the Aikake Information Criterion (AIC) with the best models determined using the
‘dredge’ function. P (>|z|) is the tail area in a 2-tail test, with the z-value as the Wald statistic for testing the hypothesis that the
regression coefficient is zero. NS is not significant (P > 0.05)
Variable Estimate Std. Error z-value Pr (>|z|) 
A) Bat activity
(Intercept) 2.20200 0.17220 12.790 < 0.001
Water (Close) 0.75090 0.18790 3.996 < 0.001
Reserve (Venetia Nature Reserve) -0.52300 0.13250 -3.947 < 0.001   
Season (Summer) 0.15960 0.11660 1.368 NS
Season (Winter) -0.43560 0.12770 -3.411 < 0.001
B) Species richness
(Intercept) 2.43231 0.12695 19.161 < 0.001
Water (Close) 0.36373 0.15125 2.405 0.016
Reserve (Venetia Nature Reserve) -0.53380 0.09057 -5.894 < 0.001
Season (Summer) -0.07324 0.07337 -0.998 NS
Season (Winter) -0.42830 0.08591 -4.985 < 0.001
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The Importance of Riparian Habitats for Bat
Conservation
As demonstrated by this study, and others such as
Monadjem and Reside (2008), riparian habitats in
African savannas contain greater diversity of bats
than neighbouring savanna habitats. Riparian 
habitats along the Limpopo and Levhuvhu Rivers
and other rivers in the Kruger National Park were
devastated by floods in the 1990s which resulted in
the loss of large numbers of adult Sycamore Fig
trees (Ficus sycamorus), an important food plant of
fruit bats and other species of wildlife such as
Chacma baboons (Papio ursinus), vervet monkeys
(Cerco pithecus aethiops), brown-headed parrots,
(Poice pha lus cryptoxanthus), African green pigeons
(Tre ron calva) and many other bird species
(Bonnac corso et al., 2014). Flooding has also 
FIG. 4. Mean activity (number of passes) per species corrected for detectability (Monadjem et al., 2017) for three foraging guilds:
clutter feeders (Rhinolophidae); clutter-edge feeders (Vespertilionidae and Miniopteridae); and open air feeders (Molossidae 
and Emballanuridae) at: A — Mapungubwe National Park (MNP) and Venetia Private Nature Reserve (VNR) in South Africa; and
B — on water bodies and dry sites set 500–750 m away from water bodies. Error bars represent standard errors of the mean values. 
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resulted in the spread of alien invasive species along
these river valleys (Mbambala, 2019). The regular
movement of domestic cattle from neighbouring
Zimbabwe into riparian habitats along the Limpopo
River at Mapun gubwe National Park may also result
in de gradation of these habitats, which could have
an effect on bats. Given the importance of riparian
habitats to bats and other wildlife (Monadjem and
Reside, 2008; Bonnacorso et al., 2014), and emerg-
ing threats such as alien invasive plants, severe
flooding (which is expected to increase with climate
change) and habitat degradation due to expansion of
human settlements and livestock, it is critical to en-
sure they are effectively protected to maintain intact
ecosystems and com mu ni ties, including fruit-eating
and insectivorous bats and the important ecosystem
services they provide.
SUPPLEMENTARY INFORMATION
Contents: Supplementary Table S1. Life history and mensu-
ral data of 11 individual bats of four species captured at two 
localities at Venetia Limpopo Nature Reserve, South Africa;
Supplementary Fig. S1. Comparison of sample-size-based rar-
efaction (solid lines) and extrapolation (dashed curves), up to
sample units (number of nights) of 20 for species richness (left
panel), Shannon diversity (middle panel), and Simpson diver-
sity (right panel). The shaded area represents the 95% confi-
dence intervals. Supplementary Information is available exclu-
sively on BioOne.
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